Summary Spatial variation in microclimate caused by air temperature inversions plays an important role in determining the timing and rate of many physical and biophysical processes. Such phenomena are of particular interest in mountainous regions where complex physiographic terrain can greatly complicate these processes. Recent work has demonstrated that, in some plants, stomata do not close completely at night, resulting in nocturnal transpiration. The following work was undertaken to develop a better understanding of nocturnal cold air drainage and its subsequent impact on the reliability of predawn leaf water potential (Ψ pd ) as a surrogate for soil water potential (Ψ s ). Eight temperature data loggers were installed on a transect spanning a vertical distance of 155 m along a north facing slope in the Mica Creek Experimental Watershed (MCEW) in northern Idaho during July and August 2004. Results indicated strong nocturnal temperature inversions occurring from the low-to upper-mid-slope, typically spanning the lower 88 m of the vertical distance. Based on mean temperatures for both months, inversions resulted in lapse rates of 29.0, 27.0 and 25.0°C km -1 at 0000, 0400 and 2000 h, respectively. At this scale (i.e., < 1 km), the observed lapse rates resulted in highly variable nighttime vapor pressure deficits (D) over the length of the slope, with variable impacts on modeled disequilibrium between soil and leaf water potential. As a result of cold air drainage, modeled Ψ pd became consistently more negative (up to -0.3 MPa) at higher elevations during the night based on mean temperatures. Nocturnal inversions on the lower-and mid-slopes resulted in leaf water potentials that were at least 30 and 50% more negative over the lower 88 m of the inversion layer, based on mean and maximum temperatures, respectively. However, on a cloudy night, with low D, the maximum decrease in Ψ pd was -0.04 MPa. Our results indicate that, given persistent cold air drainage and nighttime stomatal opening, serious errors will result if Ψ s is estimated from Ψ pd .
Introduction
Many meteorological variables are known to undergo systematic change with elevation, notably temperature. Temperature decreases with elevation because the primary source of atmospheric heat is solar energy absorbed by the soil which is radiated back into the atmosphere (Geiger 1965) . Spatial variability in air temperature is particularly pronounced in landscapes rich in physiographic heterogeneity. Consequently, air temperature shows substantial spatial variability in mountainous areas, where it is strongly dependent on slope and aspect (Rolland 2002) . Temperature lapse rates vary with time, season, humidity, insulation (i.e., vegetative cover) and elevation. The rate at which temperature decreases with elevational change varies from -9.8°C km -1 for dry air (dry adiabatic lapse rate) to about -4.0°C for moist air (saturated adiabatic lapse rate) (Rolland 2002) . The environmental lapse rate (ELR) is commonly assumed to lie between the dry and wet adiabatic lapse rates (Schultz et al. 2000) . Mean ELR in the troposphere is generally accepted to be -6.5°C for each 1-km rise in elevation.
When atmospheric conditions are stable (characterized by relatively high atmospheric pressure and little wind), cold air will often accumulate in low-lying areas, resulting in a temperature inversion. An inversion is typified by persistent stable atmospheric stratification that dissociates the surface atmosphere from the lower troposphere above the inversion (Liu and Key 2003) . Although a body of literature exists dealing with inversion formation and destruction in large valleys (e.g., Whiteman 1990 ), few studies have focused on atmospheric dynamics in smaller systems (Anquentin et al. 1999) . Small basin inversion dynamics are often characterized by thermal layers that reduce vertical exchanges between the bottom of the valley and the overlying atmosphere (Anquentin et al. 1999) . Under these conditions, the coldest air settles at low elevations and temperature increases with elevation from the valley floor. Microclimate patterns caused by air temperature inversions plays an important role in determining the dynamics of many physical and biophysical processes.
One process that can be influenced by nocturnal temperature inversion is nocturnal transpiration, where there is incomplete stomatal closure, which in turn affects leaf predawn water potential (Ψ pd ). As leaf-to-air vapor pressure difference (D) increases, stomatal conductance (g s ) declines (Berryman et al. 1994 , Maroco et al. 1997 . In this manner, stomata tend to minimize transpiration relative to photosynthetic carbon gain and adjust transpiration rates to the relative supply of water to the leaves (Cowan and Farquhar 1977, Sperry 2000) . Because of this relationship, it follows that non-CAM plants would be expected to have low stomatal conductances (g s ) at night to prevent water loss via transpiration when the CO 2 fixation rate is zero (Bucci et al. 2004 ). This would allow leaf (Ψ L ) and soil (Ψ s ) water potentials to equilibrate before dawn. This relationship has led to the frequent use of Ψ pd as a surrogate for Ψ s (Ritchie and Hinckley 1975, Hinckley et al. 1978) . The determination of Ψ s is necessary for calculating the driving forces between soil, plant and atmosphere in relation to water flow (Bucci et al. 2004) . If equilibration does not occur because of nighttime transpiration, predawn Ψ L will be more negative than Ψ s (Donovan et al. 1999 (Donovan et al. , 2001 ), leading to erroneous estimates of Ψ s.
There is evidence that some species maintain substantial stomatal conductance and transpiration at night (Benyon 1999 , Sellin 1999 , Donovan et al. 1999 , Oren et al. 1999 , Snyder et al. 2003 , Daley and Phillips 2006 , Marks and Lechowicz 2007 , Cavender-Bares et al. 2007 , Kavanagh et al. 2007 , Scholz et al. 2007 ). Field and Holbrook (2000) found that the contribution of nocturnal water loss to total daily water loss was about 50% in an elfin forest in Costa Rica. Similarly, humidities as low as 40-50% during the dry season in Brazilian savanna result in high nocturnal transpiration rates if stomata are not completely closed (Bucci et al. 2004 ). Nocturnal stomatal conductance was about 30% of midmorning stomatal conductance in four coniferous species common to northern Idaho (Kavanagh et al. 2007) .
A better understanding of spatial variation in microclimate in complex terrain is needed to determine the effect of incomplete stomatal closure on Ψ pd and Ψ s disequilibrium. Similarly, an improved understanding of these processes in the continental/maritime climate region of the USA will improve process-based, spatially distributed, hydrological and ecological models, thereby enabling more effective management of forested ecosystems.
The current study was designed to: (1) provide vertically stratified temperature data in complex mountainous terrain of the continental/maritime climate region of the USA; (2) assess the magnitude and persistence of warm season temperature inversions in this region; (3) estimate stratified D values at multiple elevation bands across complex mountainous terrain; (4) model the topographic pattern of leaf water potential (Ψ pd ) as a function of D; (5) assess the potential for nocturnal plant transpiration; and (6) assess the reliability of predawn Ψ L as a surrogate for Ψ s .
Methods

Study site
The Mica Creek Experimental Watershed (MCEW) is located in Shoshone County, northern Idaho, about 25 km southeast of St. Maries, Idaho (47°15′ N, 116°26′ W) (Figure 1 ). The watershed is part of a paired and nested catchment study designed to assess the impacts of contemporary timber harvest practices. Both continental and maritime weather patterns influence the watershed, which falls within a unique transitional climate zone. The experimental watershed encompasses the Mica Creek (2700 ha) catchment, which is a tributary to the St. Joe River. The watershed varies in elevation from 1000 to 1600 m at the headwaters, and receives about 1450 mm of annual precipitation. The majority of precipitation falls from November to May, with greater than 70% of all precipitation falling as snow. Mean annual temperature is about 4.5 °C.
The geology of the MCEW consists primarily of Prichard and Wallace Formations of the Belt Super group (Griggs 1973 
Study design
Temperatures on a north facing slope in a fully forested catchment were recorded at 1-h intervals through the 2004 dry-season (July and August) at 3 m above ground and at 20-m vertical intervals from slope peak to base across a vertical elevational difference of 155 m (Table 1) .
Temperature was measured with a shielded Thermochron iButton (Maxim Integrated Products, Inc., Sunnyvale, CA, USA), a self-contained temperature sensor and data logger enclosed in a watertight two-terminal stainless steel can. The device collects time series temperature data within a temperature range of -20 to +85°C at 0.5°C resolution, with an accuracy of ±0.21°C (Hubbart et al. 2005) . Sensors were shielded from direct solar radiation by 375-and 500-ml white funnel assemblages with a 1-cm gap between the outer funnel and the perforated inner funnel, allowing passive airflow to the sensor.
Inversions are generally weaker (lower temperature difference) and shallower (less depth) under cloudy conditions (Liu and Key 2003) . Therefore, one clear and one cloudy night were studied (August 14 and 24, respectively) to determine differences in nocturnal inversion persistence, D and modeled Ψ L due to cloud cover. One-and 4-hour minimum, maximum and mean temperatures (°C) were calculated for the months of July and August and the entire 2-month period, and from these data air temperature lapse rates, saturation vapor pressure, D and modeled leaf water potential were estimated. Vapor pressure (e a , kPa) across the forest slope was recorded with a combination temperature and humidity probe (Vaisala HMP45C, Vaisala Oyj, Helsinki, Finland) attached to an automated data logger (Campbell Scientific CR10X, Campbell Scientific, Inc., Logan, UT, USA ) located within 400 m of the temperature transect.
Environmental lapse rates (ELR;°C km -1 ) were calculated as:
( 1) where T 1 is temperature (°C) at E max (maximum elevation in meters) and T 2 is temperature at E min (minimum elevation in meters). Saturation vapor pressure (e s , kPa) was calculated as (Dingman 2002) :
where T is temperature (°C). Vapor pressure deficit (D) is the difference between e s and ambient vapor pressure (e a ). The degree of disequilibrium between soil and leaf water potentials for Douglas-fir, western larch and western red cedar was modeled as:
where K L is leaf specific conductance (Jones and Sutherland (Kavanagh et al. 2007) , and are listed in Table 2 . The companion study (Kavanagh et al. 2007 ) was conducted in the Priest River Experimental Forest (PREF) of northern Idaho (775 to 1163 m elevation) with forest types similar to those found in the MCEW. The values for species-specific g s-noc were obtained when D ranged from 0.40 to 0.92 kPa, which fall within the range of those observed in the 155 m vertical sampling transect at MCEW. Mean g s-noc and K L varied with species (P = 0.0003 and 0.001, respectively). However, mean g s-noc and K L did not vary with elevation (P = 0.229 and 0.276, respectively). Therefore, we used mean values of g s-noc and K L (Kavanagh et al. 2007 ) to model the disequilibrium between soil and leaf water potential.
To estimate potential changes during a prolonged summer drought, initial Ψ pd values were set at -0.3, -0.6, -0.9 and -1.2 MPa, and D values were the mean and maximum value for each 4-h period measured on the MCEW temperature transect in July and August. The initial Ψ pd set points spanned the range of typical Ψ pd values observed in these forest types during the transition from wet spring to prolonged late-summer drought. During the summer drought of 2003, Ψ pd ranged from -0.3 to -1.5 MPa during an extensive sampling period at PREF.
Results
Mean temperatures for July and August were 17.1 and 16.0°C, respectively, and mean minimum and maximum temperatures were 4.6 and 6.8°C, and 28.3 and 28.7°C for each month, respectively (Table 3) . Calculated e s tracked temperature, whereas e a tracked changes in neither temperature nor D (Figure 2) .
The ELR in this catchment did not approach the global mean of -6.5°C km -1 (Table 4) , mainly because of a persistent nocturnal inversion that was about 88 m in depth (Figures 3 and 4) . The ELR was nearly always reversed (i.e., temperature increased with elevation). Based on mean temperatures, the calculated ELR was most strongly inverted at 0000 h (midnight) with a 29.0°C km -1 rate of increase across the entire slope (155 m), and a 50.0°C km -1 rate of increase for the lower 88 m of the slope (Table 4 ). The persistent layer of cold air that settled, on average, up to 88 m above the slope base at night exhibited an inverted ELR that was 63% stronger than the inverted ELR calculated across the entire slope (Figures 3  and 4 ). Even at 1200 h (noon), when increased turbulence should have caused increased atmospheric mixing, the calculated ELR from the bottom of the slope to the top was still positive (14.0°C km -1 ). Vapor pressure deficit tracked the topographic variation in temperature closely (Figure 4) . Thus, on average, D increased by at least 0.4 kPa from the bottom to the top of the slope (Table 5) .
On clear nights during warm periods, the 88-m inversion layer persisted ( Figure 4) ; however, the departure from the calculated ELR was greater relative to the ELR calculated from mean temperature values (Tables 5 and 6 ). The increase in 634 HUBBART, KAVANAGH, PANGLE, LINK AND SCHOTZKO TREE PHYSIOLOGY VOLUME 27, 2007 temperature with elevation resulted in an increase in nighttime D of 0.8 to 1.2 kPa from the bottom of the slope to the top (Table 6). The sharp temperature increases in the inversion layer were primarily responsible for the full slope shifts in temperature and D (Tables 5 and 6 ). Observed variation in calculated D was due to differences in temperature between each sensor location. To identify whether any part of the variation in D was driven by differences in mole fraction of water vapor across the 155 m range, a second temperature humidity probe (Vaisala HMP45C) was installed during August (2004) at 1453 m on the same slope. Results showed that differences in mean, minimum and maximum e a between 1299 and 1453 m were less than 3, 5 and 2%, respectively (< 0.03 kPa for all). Similarly, on the clear night of August 14, and the cloudy night of August 24, hourly differences in mean, minimum and maximum e a were less than 0.03 kPa, or 3% of e a between 1299 and 1453 m elevation. These findings are expected because the water vapor mole fraction (e a ) remains relatively constant within forested slopes over periods of days, unlike temperature, which can change in a matter of minutes, and e s and D, which are functions of temperature (Parker 1995, Campbell and Norman 1998) . It is therefore reasonable to assume a constant e a for the relatively narrow 155-m vertical range of this study. Calculated D was less than 0.0 kPa (i.e., 100% humidity) during two brief midsummer rain events. Instances where calculated D was less than 0.0 kPa may reflect the nonlinear relationship between e s and temperature ( Figure 5 ). Minimum nocturnal D seldom fell to 0.0 kPa ( Figure 5 ), and modeled Ψ pd was commonly lower than Ψ s (model set-point), especially for the species with high g s-noc . In response to a persistent temperature inversion and decreasing D, modeled Ψ pd became even more negative with increasing elevation (Figure 6) . The shift in D, from the bottom to the top of the slope on an average night, resulted in a -0.11 MPa decline in modeled Ψ pd for Douglas-fir and western larch, and a -0.06 MPa decline for western red cedar (Figure 6 ). During periods of maximum nighttime temperatures, the shift in modeled Ψ pd caused by elevational shifts in D resulted in a decline in modeled Ψ pd of -0.3 MPa for Douglas-fir and western larch, and -0.13 MPa for western red cedar. The decrease in modeled Ψ pd with increasing elevation occurred primarily in the lower 88 m of the slope (Figure 6 ).
Discussion
Previous investigations of air temperature lapse rates have shown abnormally high or low lapse rates, which have been questioned because of an insufficient number of data recording devices and short collection periods (Rolland 2002 ing hourly data over two months. Regular sensor spacing at 20-m vertical distances, spanning an entire slope, provided the spatial resolution necessary to identify a persistent cold air drainage pattern through the months of July and August 2004. The cold air inversion, lasting from 2000 h to about 0800 h, strongly influenced D and the rate of nocturnal transpiration.
These topographically induced shifts in D can influence the rate of transpiration and, thus, the degree to which Ψ pd comes into equilibrium with Ψ s if stomata are not completely closed. Additionally, because the degree of stomatal closure varies among co-occurring species (Daley and Phillips 2006, Kavanagh et al. 2007 ), the impact of nocturnal shifts in D on Ψ pd can vary depending on the species present. For example, western red cedar measured at PREF had a relatively low mean g s-noc of 10.4 mmol m -2 s -1 , and exhibited little modeled Ψ pd response to nocturnal shifts in D with elevation. In contrast, both western larch, with a relatively high g s-noc of 42.3 mmol m -2 s -1 , and Douglas-fir, with a relatively low K L value of 0.93 mmol m -2 s -1 MPa -1 , exhibited a 50% decline in modeled Ψ pd caused by changes in D due to topographic position. Thus, when predawn D is 0.8 kPa at the slope base, a western larch and a Douglas-fir tree could have a modeled Ψ pd of about -0.86 and -0.55 MPa above and below the inversion layer, respectively, when Ψ s is actually -0.3 MPa. Based on mean nocturnal temperatures, persistent inversions in the lower 88 m of the vertical slope height resulted in leaf water potentials that were increasingly negative toward the top of the inversion layer (i.e., more than 25% more negative at 88 m than at the bottom of the slope).
These results imply that if one is estimating Ψ s from Ψ pd , and assumes that stomata are closed, Ψ s may be incorrectly estimated. The increase in D as a result of changing elevation and an inverted lapse rate (i.e., inverted D) might be taken to imply (erroneously) that soil is dryer at higher elevations (i.e., D will be higher, thus leaf water potential will be more negative) relative to lower elevations. Vapor pressure deficits greater than 0.1 kPa can cause substantial underestimates of Ψ s based on the Ψ pd of the species sampled (Kavanagh et al. 2007) . During the months of July and August 2004, predawn D often exceeded 0.1 kPa, especially at high elevations (Figure 5) .
The strongest temperature inversions developed on cloud- less nights when mean full slope ELR was more than 40°C km -1 , whereas ELR within the inversion layer (88 m) was more than 75°C km -1 (a difference of more than 47%). Under cloudy skies, mean full slope ELR was 0.13°C km -1 , whereas ELR within the inversion layer (88 m) was 1.85°C km -1 (data not shown). Inversions are generally weaker (smaller temperature difference) and shallower (less depth) under cloudy conditions (Liu and Key, 2003) . On the cloudy night (August 24), persistent positive lapse rates were observed that were at least 300% less than the inverted lapse rates observed on the clear night (August 14), with the latter condition being most persistent throughout the study period.
On the clear night, modeled Ψ pd decreased as much as -0.39 MPa from the bottom of the slope to the top (155 m vertical height). In comparison, on the cloudy night, the maximum decrease in modeled leaf water potential was -0.04 MPa. Thus, if a single night is to be chosen to use Ψ pd as a measure of Ψ s , the best time would be a cloudy night when D is low. However, because Ψ pd is often measured before diurnal leaf gas exchange measurements, it is not always desirable to obtain measurements under cloudy conditions. Thus, it may be necessary to adjust Ψ pd for nocturnal transpiration to better estimate soil water availability (Kavanagh et al. 2007) .
Although the inverted lapse rates within the lower drainage (lower 88 m of the slope height) were greatest, the nighttime inversion persisted over the entire length of the slope, even though the soil in the upper 20 m of the slope had increased exposure to daytime heating as a result of a partial timber harvest.
These results showed that, at a scale of < 1 km, the observed lapse rates could lead to highly variable impacts on transpiration. Previous studies examining surface temperatures indicated that they differ diurnally, synoptically and seasonally, and can increase with elevation (Singh 1991) . Our work corroborates those findings. The violation of the standard assumption that air temperature decreases with altitude holds implications for the development of distributed climate surfaces to drive distributed physically based hydrological and ecological models. This work further demonstrates that it may be impossible to estimate Ψ s from Ψ pd on the assumption that stomata are closed. High values of D will increase the magnitude of the error.
TREE PHYSIOLOGY ONLINE at http://heronpublishing.com COLD AIR DRAINAGE AND SOIL WATER POTENTIAL ESTIMATION 637 Table 6 . Nocturnal environmental lapse rate (ELR) and vapor pressure deficits (D) based on maximum temperatures for the months of July and August 2004 for a north facing fully forested slope in the Mica Creek Experimental Watershed, northern Idaho. The ELR is computed using temperature at the given sensor elevation and temperature at the slope base, and reflects maximum hourly instantaneous temperatures at each time interval across both months. In the absence of a temperature inversion, the ELR normally has a negative value of -6.5 °C. In conclusion, valleys and depressions are known to provide a pathway for cold, relatively dense air to drain away from high elevations. The MCEW is well situated for cold air drainage patterns given the higher elevations surrounding it. In some instances, we found inverted temperature regimes resulting in lapse rates that differ from the expected lapse rates by more than 80°C km -1 . The most marked differences occurred during clear-sky nocturnal inversions. We conclude that controls on nighttime environmental lapse rates (ELR), nocturnal transpiration, nocturnal conductance and Ψ pd are more complicated than has usually been assumed. The occurrence of large, persistant inverted lapse rates may have a large impact on ecosystem process calculations when scaled to stand, ecosystem and catchment levels. HUBBART, KAVANAGH, PANGLE, LINK AND SCHOTZKO TREE PHYSIOLOGY VOLUME 27, 2007 Figure 6 . Modeled responses of predawn leaf water potential in western larch (LAOC), Douglas-fir (PSME) and western red cedar (THPL) to initial soil water potential (-0.3, -0.6, -0.9 and -1.2 MPa, see inset) and elevation. Modeled data are based on mean and maximum lapse rates for July and August and corresponding vapor pressure deficits at 0400 h as well as parameters listed in Table 2 .
